
Summary. The general model of gene expression
implies that the units of genetic information, the genes,
constitute the basis of the mRNA and protein products
detected in living organisms. It is well known that in
eukaryotic cells a single gene may give rise to various
gene products due to alternative splicing and/or different
positions of transcriptional start and termination.
However, recent experimental results suggest that in
addition to this variation in gene expression, another
level of complexity may also exist as evidence for the
presence of mRNAs that combine sequence information
(exons) from distinct genes is accumulating. Moreover,
the mechanisms that allow this production of intergenic
mRNAs are starting to unravel and it appears that these
follow two general pathways: (a) bypass of
transcriptional termination, resulting in the generation of
bicistronic pre-mRNAs; and (b) authentic trans-splicing
events between pre-mRNAs of distinct genes. 
Key words: Alternative splicing, Trans-splicing, Pre-
mRNA, Evolutionary potential, Gene definition

Introduction

With the completion of the Human Genome
Sequencing Project the number of human genes has been
estimated to be in the range of 30000 to 40000
(International Human Genome Sequencing Consortium,
2001; Venter et al., 2001). This has been achieved based
on computer algorithms that scan genomic sequences
and identify elements that are characteristic of functional
genes. However, a recent comparison of the predicted
genes between the two sequencing efforts revealed only
a little overlap, casting therefore doubt on these low
estimates of human gene numbers (Hogenesch et al.,
2001). Moreover, predictions on the number of human
genes based on methods that take advantage of

assemblies of transcripts present in the Expressed
Sequence Tag (EST) databases suggest a number closer
to 70000 or even 120000 (Liang et al., 2000; Wright et
al., 2001). This lack of consistency highlights the
difficulty of providing a definite answer on the human
gene number, reveals inherent limitations in the methods
employed, and ultimately raises the question as to how a
gene is defined and thus recognized (Aparicio, 2000). 
Evaluation of the EST data as indicative of
transcriptional events

It is generally thought that if a certain sequence is
not present in the EST database or not linked to an EST
clone then this sequence is not expressed. To test this
hypothesis and evaluate the completeness of the EST
database, an analysis using genes positioned in the
recently characterized human cytochrome P450
(CYP3A) locus on chromosome 7q21-q22.1 (Finta and
Zaphiropoulos, 2000b; Gellner et al., 2001) was
performed. The three most abundantly expressed CYP3A
genes in human liver are CYP3A4, CYP3A5 and
CYP3A7. Therefore, we asked ourselves how many EST
clones represent these genes in the EST database. As a
query sequence we used 260 bases from the 3´ terminal
exon, exon 13, of these genes. The results revealed 105
hits that have significant similarity (score of 84 or above
- search of August 10) implying that these represent
expressed sequences from the three CYP3A genes. 

Recently, a fourth CYP3A gene was identified:
CYP3A43 (Domanski et al., 2001; Gellner et al., 2001;
Westlind et al., 2001). When a similar search with a
CYP3A43 query was performed only a single hit was
identified. The results of the EST analysis therefore
suggest that CYP3A43 is expressed at about two orders
of magnitude lower than the more abundant CYP3A
genes, a value that is in agreement with the direct
determination of the CYP3A43 expression level (Gellner
et al., 2001; Westlind et al., 2001).

Do these results then imply that there are no
additional expressed sequences from the CYP3A locus?
Certainly not. By using highly sensitive techniques
based on the Reverse Transcriptase/Polymerase Chain
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Reaction (RT/PCR) technology a CYP3A7 va r i a n t
m R NA was detected that uses an alternative 3’ end
sequence (Finta and Zaphiropoulos, 2000b). This variant
is expressed in human liver at levels lower than
CYP3A43 and accordingly is not represented in the EST
database. Additional variant mRNAs from the C Y P 3 A
locus containing CYP3A43 and CYP3A4 sequences
have also been detected and are expressed in human liver
at about two orders of magnitudes lower than CYP3A43
(Finta and Zaphiropoulos, 2002). As expected, these
mRNAs are also absent from the EST database. 

Therefore, it appears that the EST database contains
only the most abundantly expressed transcripts.
H ow eve r, RNA molecules of lower abundance are not
identified by these “global” approaches. To detect these
R NAs the employment of more gene-specific or locus-
specific techniques is needed.

Intergenic mRNAs as products of bicistronic
transcripts

Bypassing transcriptional termination

The general model of transcriptional termination by
RNA polymerase II suggests that this is a rather random
process occurring at sites between 200-2000 bp
d ownstream of the poly(A) site (Dye and Proudfoot,
2001; Tran et al., 2001). Let us examine how this model
applies in the case of transcription of the CYP3A7 gene
(Fig. 1). The major mRNAs identified employ two
poly(A) signals positioned 343 and 440 bp downstream
of the translation termination signal in exon 13.

However, some mRNAs have been detected that contain
an altered 3’ end sequence. This is provided by
sequences from exon 2 and exon 13 of the C Y P3A P 1
gene, which are positioned about 10 kb and 20 kb
d ownstream of the C Y P 3 A 7 gene respective l y. The
resulting variant CYP3A7 mRNA molecule has
substituted the last four codons of CYP3A exon 13 with
36 codons originating from exons 2 and 13 of the
C Y P 3 A P 1 gene. Interestingly, the C Y P 3 A P 1 gene is
composed of only 3 exons instead of the typical 13
exons of the C Y P3A genes and formally represents a
“pseudogene”. No mRNA product composed solely of
CYP3AP1 sequences has been detected, as the
C Y P 3 A P 1 promoter is apparently inactive. Therefore,
the variant CYP3A7 mRNA containing exons 2 and 13
of C Y P3A P 1 is the product of a CYP3A7 pre-mRNA
that has bypassed canonical CYP3A7 transcriptional
termination and extended into the CYP3AP1 gene (Finta
and Zaphiropoulos, 2000b).

These findings raise the question as to whether such
a bypass of transcriptional termination is a unique
phenomenon of the CYP3A7 gene or may be a more
widespread event that also occurs with other genes. In
this context it is worth mentioning certain gene products
generated by the cluster of the human CYP2C genes on
chromosome10q24. The human CYP2C18 gene is
composed of nine exons and is positioned upstream of
the CYP2C19 gene in the same 5’ to 3’ orientation, with
approximately 27 kb intergenic sequence (GenBank
entry: AL583836, see also next section). In addition to
the typical CYP2C18 and CYP2C19 m R NAs, a
p o l y a d e nylated transcript containing exon 8 of
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Fig. 1. Schematic diagram of the CYP3A locus encompassing the CYP3A7, CYP3AP1 and CYP3A5 genes. Exons are indicated by boxes and are
numbered. The CYP3A7 and CYP3AP1 exons 13 are shown in detail with the translation termination signals TGA and the poly(A) signals indicated.
The segment of the CYP3A locus that results in the variant 3’ end of the CYP3A7 mRNAs is highlighted. 



CYP2C18 spliced to exon 2 of CYP2C19 has been
detected in human epidermis and liver (Zaphiropoulos,
1999). The most plausible explanation for this finding is
that certain 2C18 transcripts have extended beyond the
borders of the CYP2C18 gene into the dow n s t r e a m
CYP2C19 gene. 

Thus, it may be that in addition to the predominant
transcriptional termination events that generally occur
within 1 to 2 kb of the major poly(A) sites, some
transcripts may extend further downstream and
encompass sequences from neighboring genes.
Consequently, poly(A) sites provided by the neighboring
genes are used in these bicistronic transcripts. The
presence in single pre-mRNA molecules of sequences

originating from more than one gene may give rise to
splicing events that bring in juxtaposition exons from
neighboring genes (Fig. 2, panel A). This type of
i n t e rgenic splicing is not only restricted to CYP3A7/
CYP3AP1 or CYP2C18/CYP2C19 but has also been
reported in several additional cases (Benson et al., 1995;
Fears et al., 1996; Magrangeas et al., 1998; Kowalski et
al., 1999; Moore et al., 1999; Krauss and Reuter, 2000;
Millar et al., 2000; Thomson et al., 2000; Communi et
al., 2001; Courseaux and Nahon, 2001). Moreove r,
intergenic transcription has been observed in some gene
clusters (Ashe et al., 1997; Rogan et al., 1999; Gribnau
et al., 2000; Plant et al., 2001) raising the interesting
possibili ty as to whether i t  may be followed by
intergenic splicing. 

Alternative promoters

When the results described above are viewed from
the perspective of the downstream instead of the
upstream gene, a question that is likely to be raised may
be formulated as follows: does transcriptional initiation
solely occur about 20-25 bases downstream of canonical
TATA boxes or can some transcripts significantly extend
5' of the major TATA box? For this analysis we will
concentrate on the CYP2C genes. About a decade ago
transcription initiation of the major rat CYP2C g e n e s
was determined by primer extension analysis and wa s
found to be about 25 bases downstream of the TATA
box, as expected (Morishima et al., 1987; Zaphiropoulos
et al., 1990; Eguchi et al., 1991). It was therefore a
surprise when an additional rat CYP2C gene, CYP2C24,
was analyzed in its 5' region by the more sensitive
R ACE technique (Rapid Amplification of cDNA Ends)
that resulted in the identification of transcripts that
extended beyond the expected transcriptional start into
the TATA box and further upstream (Zaphiropoulos,
1993). More recently, analysis of a solitary CYP2C exon
1 in the human CYP2C locus, which is positioned 33 kb
upstream of the CYP2C9 gene in the same orientation,
revealed mRNAs that contain combinations of that exon
with CYP2C9 exons (Warner et al., 2001). This implies
that some transcripts may not start at about 25 bases
d ownstream of the canonical TATA box of C Y P 2 C 9
gene, but that by the fact that these include the solitary
exon 1 some 33 kb upstream are likely to initiate at that
exon 1 promoter. 

Intergenic mRNAs as products of trans-splicing

Clearly bypassing transcriptional termination/
a l t e r n a t ive promoter usage provides the means that
allows sequences from neighboring genes to be present
in the same pre-mRNA molecule. How eve r, a pertinent
question is whether the presence of exons from different
genes in a single pre-mRNA molecule is a prerequisite
for the juxtaposition event, which is the joining of these
exons. The clearest example that this may not
necessarily be true is provided by the phenomena of
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Fig. 2. Schematic representation of how relative gene orientation
provides clues to the mechanisms that result in the generation of
intergenic mRNAs. Horizontal arrows indicate the orientation of the
genes, and boxes the exons. Panel A. Intergenic mRNAs resulting from
genes with the same 5’ to 3’ orientation. A bypass of transcriptional
termination of Gene A results in a bicistronic pre-mRNA that is followed
by splicing of exon 2 of Gene A to exon 3 of Gene B. Panel B.
Intergenic mRNAs resulting from genes with opposite 5’ to 3’ orientation
(coded by different DNA strands). The cotranscriptional interpretation of
panel A is not applicable in this case. Thus, splicing between distinct
pre-mRNAs from Gene A and Gene B, i.e. t r a n s-splicing, has to be
postulated. Note that, in principle, trans-splicing may also interpret the
case of panel A. 



exon repetition in three mammalian genes (Caudevilla et
al., 1998; Akopian et al., 1999; Frantz et al., 1999). In
these cases, mRNA molecules were identified where
exons were present more than once in the same pre-
m R NA molecule. No partial duplication has been
detected at the genomic DNA level. Assuming that the
R NA polymerase complex faithfully transcribes the
D NA without any flip-back; that is that every DNA
segment is represented only once in the pre-mRNA, then
the only interpretation for these findings has to be a
splicing process between two pre-mRNAs, which is
trans-splicing. 

Therefore, if pre-mRNA molecules from the same
gene may interact in trans-splicing processes resulting in
highly complex mRNAs, then it is logical to ask whether
pre-mRNAs from neighboring but distinct genes are also
i nvo l ved in similar t ra n s-splicing events. How eve r, the
mere detection of hybrid mRNAs from neighboring
genes does not necessarily imply trans-splicing because
this could be the result of cotranscriptional splicing,
which is a bypass of transcriptional termination /
a l t e r n a t ive promoter usage as discussed above. An
unambiguous evidence that intergenic mRNAs are the
result of splicing of distinct pre-mRNAs is prov i d e d
when the genes in questions are coded by different DNA
strands (Fig. 2, panel B). This is exactly the case of the
C Y P 3 A 4 3 / C Y P 3 A 4 and CYP3A43/CYP3A5 hy b r i d
m R NAs detected. The CYP3A43 gene is coded by the
opposite strand to the one that codes the CYP3A4 a n d
CYP3A5 genes (Finta and Zaphiropoulos, 2002).

An analysis of the expression pattern of the CYP2C
class of cytochrome P450 genes has also been
performed. This provided evidence for the presence of
hybrid mRNA molecules containing exons from more
than one CYP2C gene, including certain e x o n i c
combinations originating from the genes which are at the
t wo ends of the cluster; CYP2C8 and CYP2C18 ( F i n t a
and Zaphiropoulos, 2000a). The relative orientation of
these two outer genes was deduced by the analysis of
t wo Yeast Artificial Chromosomes (YACs) suggesting
the same orientation. However, comparison of sequences
recently available from the Human Genome Project
(GenBank entries AL133513, AL157834, AL157835,
AL359672 and AL583836) indicate that the orientation
of CYP2C8 is opposite to the other three genes,
C Y P 2 C 9, CYP2C19 and C Y P 2 C 1 8. This inconsistency
between the two approaches may be the result of the
unreliability of the YACs, as these are prone to
rearrangements and internal deletions. Moreove r, the
sequencing data indicate that the CYP2C8 gene is in a
tail-to-tail orientation with CYP2C9 with approximately
48 kb of intergenic sequence (GeneBank entry
AL359672). Therefore, it appears that the h y b r i d
CYP2C8/CYP2C18 mRNAs identified are also likely to
be the result of trans-splicing events.

An additional case of t ra n s-splicing has recently
been reported in the Drosophila mod(mdg4) locus where
exons from independent transcripts are combined to
generate mature mRNAs (Dorn et al., 2001; Labrador et

al., 2001).

Intergenic mRNAs as a source of complexity in gene
expression 

The apparently low number of human genes relative
to model organisms such as D rosophila melanog a s t e r
(Adams et al., 2000) and Caenorhabditis eleg a n s ( T h e
C. elegans Sequencing Consortium, 1998) has raised the
question as to how to ascribe the complexity of the
human species relative to these simpler organisms. In
addition, is C. elegans with a total gene number of
19000 more complex than D rosophila which has only
14000 genes? One way out of this may be that a single
gene can give rise to many more mRNAs and
consequently proteins in higher eukaryotes than in
simpler organisms (Grave l ey, 2001). Moreove r, the
discussion in the above sections implies that in addition
to the variations in splicing within single genes, another
l evel of complexity may also occur that encompasses
splicing combinations between distinct, often
neighboring genes. Even sequences that do not have the
characteristics of functional genes, such as the CYP3AP1
or the solitary CYP2C exon 1, may also be used in these
highly complex transcripts. Thus, the number of unique
m R NAs that can be produced in H. sapiens may be
much higher than D ro s o p h i l a, which in turn could
produce more mRNAs than C. elegans. At this point it is
worth mentioning that although significant progress in
u n r aveling the mechanisms of pre-mRNA splicing has
been made, the regulation of this process, that is, how a
certain pre-mRNA sequence is recognized as an ex o n
and spliced to another exon in one cellular context bu t
not in another, has not been fully unraveled (Elliott,
2000; Smith and Valcárcel, 2000).

The importance of strict definitions

As discussed in the introduction, the number of
human genes based on computer algorithms that scan
genomic sequences appears to be surprisingly low.
H ow eve r, the use of different algorithms results in
d i fferent sets of predicted genes, implying an inherent
uncertainty in this methodology (Hogenesch et al.,
2001). Moreove r, the number of genes based on the
transcriptional information present in the EST databases
gives generally higher values. Furthermore, we believe it
is evident to the reader of this article that the human
transcriptome contains a lot of additional sequences that
are not represented in the EST database. Therefore, the
relation between a gene, as defined by the computer
algorithms, and the detected unique transcripts
containing sequences from that gene, is not one to one. It
may be at least an order of magnitude if not more in
favor of the unique transcripts. For example, the
CYP3AP1 gene discussed above is formally a
pseudogene. It is missed by the computer algorithms but
it has a role in diversifying the expression of the
CYP3A7 gene. The same is true for the CYP2C solitary
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exon 1. It is not expressed on its own but allow s
variation in the CYP2C9 expression. Thus, sequences
that may not be considered as "genes" have a role in the
expression potential of the human genome. Moreove r,
combinations of exons from distinct functional genes,
such as C Y P 3 A 4 3 / C Y P 3 A 4, C Y P 2 C 8 / C Y P 2 C 1 8, or
CYP2C18/CYP2C19, may result in additional variations
in gene expression. In fact, this process is not limited to
the production of bicistronic pre-mRNAs, but can also
employ trans-splicing events. Strictly speaking, based on
the observation of these transcriptional complexities, the
term “gene” may not accurately represent the unit of
expressed genomic information as combinations
between parts of distinct genes do occur. Moreove r,
sequences outside genes (as defined by the computer
algorithms) may also be expressed (Finta and
Zaphiropoulos, 2000c). Consequently, it has been
proposed that a more appropriate term for these
complicated patterns of transcriptional activities may be
“genome transcription” (Finta and Zaphiropoulos, 2001).

Certainly, it could be argued that as these transcripts
are generally of low frequency, no significant biological
function is associated with them. Apart from the lack of
a direct correlation between level of expression and
biological significance (e.g. knockout mouse models of
some low frequency mRNAs result in more dramatic
phenotypes than others of higher frequency) the presence
of a large collection of rare mRNAs may safeguard an
optimal response to a constantly changing environment.
As the future is unpredictable and some genotypes that
are currently considered unfavorable they may prov i d e
a d vantages under different conditions (Brosius and
Kreitman, 2000), in the same way as that rare mRNA s
that are not clearly linked with a specific function at
present may prove to be indispensable in the future. It
could even be argued that this plasticity in gene
expression of higher eukaryotes versus the apparent
rigidity of prokaryotes (lack of introns and alternative
splicing) may have provided these organisms with
significant evolutionary advantages. 
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